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Homomorphous hexameric helicases: tales from the ring cycle 
Edward H Egelman
Low-resolution structures have now been determined
for several hexameric ring proteins, members of a large
superfamily that includes helicases and, probably, a
range of DNA-binding motors. A common symmetry
and mode of DNA-binding may emerge. 
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Helicases, as classically defined, are proteins that
hydrolyze ATP while opening up double-stranded
(ds)DNA, RNA or DNA–RNA duplexes into two single
strands. While a growing number of such proteins are now
being characterized in vitro, the initial identification of
many such helicases arose from sequence analysis.
Gorbalenya et al. first identified ‘helicase motifs’ [1] in a
subset of the ATP- and GTP-binding proteins that share a
characteristic phosphate binding loop first identified by
Walker et al. [2]. We are now faced with a plethora of heli-
case proteins, with at least 12 different helicases naturally
expressed in Esherichia coli alone [3]. In bacterial, viral and
eukaryotic systems, helicases have been identified in
many different aspects of DNA replication, repair, trans-
cription and recombination. The central role of helicases
in human disease has been highlighted by a number of
recent discoveries. Mutations in the ERCC2 gene (which
encodes a helicase) leads to the cancer-prone genetic dis-
order Xeroderma Pigmentosum [4], while the gene associ-
ated with Bloom’s syndrome encodes a human helicase
homologous to the E. coli RecQ helicase [5]. Bloom’s syn-
drome results in stunted growth, a greatly increased rate of
cancer development, immunodeficiency and increased
somatic recombination. Most recently, it has been shown
that the genetic disorder Werner’s syndrome, characterized
by premature aging, maps to a gene encoding a different
human helicase [6].
As a result of these discoveries, and from insights obtained
about one E. coli helicase, the RuvB protein [7], it is possi-
ble that many helicases are not helicases per se, but rather
DNA-binding ATPases that have evolved diverse motor
activities. Thus, ‘helicase’ may not be the best term to
describe this class of proteins, but we will continue to use
this term until the situation becomes clearer. This brief
review will not attempt to summarize the rapidly growing
body of literature about these proteins — the reader is
directed instead to two excellent recent reviews [3,8]. This
minireview will focus on what we know structurally about
a subset of the helicases, those that function as hexamers.
The DnaB protein is the primary replicative helicase in
E. coli: it binds and hydrolyzes ATP while unwinding
duplex DNA into two single strands in front of a replication
fork [9]. DnaB was the first helicase to be characterized as a
hexamer [10], and a number of other helicases have since
also been shown to function as hexamers: the E. coli trans-
cription-termination protein, rho [11]; the E. coli branch
migration protein, RuvB [12]; the Simian virus 40 (SV40)
large T antigen, the replicative helicase for SV40 [13]; the
bacteriophage T7 replicative helicase, gp4 [14]; and the
bacteriophage T4 replicative helicase, gp41 [15]. It is clear
that not all helicases are hexamers; the E. coli proteins Rep
[16] and UvrD [17] (Helicase II) have been characterized
as dimers, and other helicase proteins have been identified
as possible single subunits within larger complexes, such as
transcription factors [18]. As no high resolution structures
exist for any helicase, and because the actual mechanisms
of helicase function are still unknown, whether or not the
hexameric helicases have different structures and mecha-
nisms than those that have some different oligomeric state,
remains an area for speculation.
A number of techniques have been used to visualize the
hexameric helicases, including scanning transmission
electron microscopy (STEM) of freeze-dried unstained
specimens [12,13], cryo-electron microscopy of unstained,
frozen-hydrated specimens [11,15], atomic force micro-
scopy of stained specimens [19], and conventional electron
microscopy of negatively-stained samples [12,20–22]. The
first three-dimensional reconstruction of a helicase was
generated from electron micrographs of negatively-stained
RuvB rings formed on dsDNA [12]. STEM was used to
show that these rings were hexameric, and image analysis
revealed that each ring was polar, with C6 symmetry. The
rings characteristically associated on the dsDNA to form
bipolar dodecamers. Figure 1 shows the three-dimensional
reconstruction of RuvB, which exhibits a hollow central
channel through which the dsDNA passes. Contour length
measurements of circular DNA covered with the RuvB
rings also showed that any significant wrapping of the
DNA, either outside or even within the rings, could be
excluded.
If one hopes for parsimony in structural studies, the RuvB
results were disappointing, as they conflicted with con-
clusions drawn about the hexameric rho helicase from
several extensive physico-chemical studies. While RuvB
was observed to form polar rings, with C6 symmetry (in
which the six subunits are related by a sixfold rotation
axis), it was suggested that rho forms bipolar rings with D3
symmetry (in which three subunits, related by a threefold
axis, are related to the other three by a twofold axis, per-
pendicular to the threefold axis) [23,24]. In addition, while
RuvB was observed to form rings that encircle the DNA,
RNA was suggested to wrap around the outside of the rho
hexamer [25]. However, the direct observations of RuvB
encircling the DNA are consistent with an earlier proposal
that the hexameric SV40 large T antigen helicase forms
rings around the DNA [26], and the observation that the
DnaB hexamer binds DNA without any wrapping of the
DNA [27]. The mode of DNA binding observed for RuvB
may also be consistent with the observation that additional
density appeared in the central hole of the bacteriophage
T4 gp41 hexamer in the presence of DNA [15].
The bacteriophage T7 gene 4 encodes two different pro-
teins: a full length product, gp4a, that has both helicase
and primase activities, and a truncated product, gp4b,
missing 63 N-terminal residues, that only has helicase
activity. A reconstruction of the gp4b hexameric helicase
[20] showed that this hexamer was also organized with a C6
symmetry: electron microscopy and protein cross-linking
clearly showed that single-stranded DNA passed through
the central hole of this ring. Remarkably, even though the
sequence similarity between RuvB and T7 gp4b is vanish-
ingly small outside of the small helicase motifs, both have
a similar organization, shown in Figure 1. Each subunit has
a small lobe and a large lobe, arranged so that the hexamer
has two tiers, one large and one small.
However, a puzzle still exists as it has been shown that the
T7 gp4b hexamer contains only three, not six, high affinity
ATP-binding sites [28]. The rho hexamer has also been
shown to contain only three high-affinity ATP-binding
sites [29]. As both the C6 and D3 symmetries would gener-
ate six identical subunits in identical environments, incon-
sistent with the three observed high-affinity ATP-binding
sites, some perturbation of  symmetry must occur in both
rho and gp4b. Insight into the nature of this perturbation
comes from recent work on the E. coli DnaB hexamer.
The first electron microscopic study and reconstruction of
DnaB has shown that it forms a ring with strong threefold
symmetry, presumably arising from the dimerization of
the six subunits into a trimer of dimers [21]. However, a
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Figure 1
Comparison of RuvB and gp4b. The figure
shows reconstructions of the E. coli RuvB
branch migration protein (a) [12] and the
bacteriophage T7 gp4b replicative helicase
(b) [20]. Cut-away views of both structures
are shown on the left, and the channel
through which either dsDNA (RuvB) or single
stranded (ss)DNA (gp4b) passes can be
seen. The polarity of the gp4b ring on the
ssDNA has been determined [20] and the
cylinder in the figure, that represents ssDNA,
indicates that the small end of the gp4b ring is
oriented towards the 5′ end of the ssDNA.
Although RuvB and gp4b have no sequence
similarity outside of the small, conserved
helicase motifs, the low-resolution structures
show a common organization.
second study [22] has shown that under several different
conditions DnaB forms two different hexamers: one with
sixfold symmetry, and the other with the threefold sym-
metry observed by San Martin et al. [21]. These two differ-
ent states are shown in Figure 2, and the existence of an
intermediate state between these two suggested that they
might be in equilibrium [22]. The model in Figure 2
demonstrates how the threefold symmetry can arise as a
large perturbation of three of the subunits (or small lobes
of those subunits) within the sixfold symmetric rings. As
noted by San Martin et al. [21], dimerization leads to the
formation of three pairs of subunits (1–2, 3–4 and 5–6) that
appear to be related by local twofold axes. A number of
hexameric helicases, including RuvB [30], rho [24] and T4
gp41 [15] form dimers in solution, and it is presumed that
these would be symmetrical dimers, with subunits related
by a twofold axis. It is therefore interesting to speculate
that the dimers seen within the DnaB hexamer may
contain the same subunit–subunit contacts that occur
within the dimers in solution. However, the projection
image of the actual threefold structure (shown in Fig. 2)
does not have such local twofold axes, suggesting that the
two subunits that comprise each dimer must be in dis-
tinctly different conformations. This non-equivalence of
the subunits would most likely correspond to the bio-
chemical asymmetry that is observed with respect to ATP
hydrolysis within these hexamers [31,32].
The transition between a state with C6 symmetry and one
with C3 symmetry in DnaB may thus tell us much about
rho, T7 gp4 and T4 gp41. It is possible that all of the
hexameric helicases have either a C6 symmetry, or a
perturbation from this symmetry that generates a dimer-
ization of subunits, resulting in a ring that is still polar (in
contrast to the bipolar ring generated by D3 symmetry).
This dimerization could explain the two classes of inter-
subunit contacts observed for rho, a large basis of the argu-
ment for D3 symmetry [24,25]. Two recent papers on rho
have also argued for a pseudo-C6 symmetry [33,34], based
upon sequence homology and putative structural homol-
ogy with the F1-ATPase, a heterohexamer which has a
pseudo-C6 symmetry [35].
While all of the hexameric helicases may have a similar
structural organization, it is less easy to resolve the differ-
ences in polynucleotide binding; for RuvB, T7 gp4 and
SV40 large T antigen, DNA passes through the center of
the rings, whereas for rho [25] DNA has been postulated
to wrap around the outside of the ring. Hopefully, these
differences will either be resolved or more fully under-
stood in the near future.
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